r\rrrran'F -ain in AlGaAs/GaAs heterojunction bipolar transistors (HBTs) and bias voltage dependence of the luminescence intensity in AlGaAs,/GaAs heterojunction diodes (HD) are investigated. Junction ideality factors for emitter-base junction in HBT are near unity, which is consistent with the luminescence intensity dependence on the bias voltage in HD. Current gain reduction in heavily dopeo base HBT is interpreted as a result of a nonradiative recombination current in the base -3 cm were examrned with a constant base width of 1OO0 i. An undoped GaAs spacer layer of l-00 i between the emitter and the base layer was utilized to prevent the shift of pn junction into AIGaAs layer due to Be diffusion. FLg.2 shows the schematic device structure of fabricated HBT' which has the emitter area of 5o x 50 pm2. The base and collector layers were recessed by wet chemical etching to fabricate contacts. The ohmic metal, AuGe,/Ni /TL/Av was used for the emitter and collector, and Cr,/Au for the base. Contact patterns were defined by the conventional liftoff process. Inter-device isolation was provided by proton implantation.
SS. Results and Discussion
The bias voltage dependencj-es of diode currents and diode luminescence intensities at room temperature (RT) and 77 K are shown in Fig.3 . Here, the measurements were performed in a low current density range to reduce the series resistance ef fect in the ,r* caA" layer. Diode current and the luminescence intensity have the exponential relationship oc exp(qv,/nkT) to the diode bias voltage. At 77 K, to obtain the same magnitude of diode current and luminescence intensity as those in the RT results, higher bias voltage is required because of the saturation current temperature dependency. Ideality factor (n) deduced from the slope of I-V characteristics in Fig.3 is 1 .8 both at RT and at 7'7 K, indicating that the recombination current in the pN junction depletion layer is the dominant portion of the diode current in the low bias region. fn contrast with the I-V characteristics' the n value deduced from the slope of V-L characteristics in Fig.3 is 1. 1-both at RT and 77K. Luminescence intensity is proportional to the number of electrons which diffuse across the pN juncti.on to the p-neutral layer at low injection. Therefore the results of the Iuminescence indicate that the electron injection current characteristics of pN heterojunction can be expressed by an exponential relationship, with n E 1; I oc exp(qv/kT) regardless of the total junction current, both at RT and at 77K. Similar electron injection characteristics are considered Fig.4(a) . Current gains increase very slowly with collector current, although thermal influences cause current gains reduction in the high collector current region over 10-1 A. Ideality factors deduced from the slope of the curves in Fig.4 (a) are 1.1_ for each temperature in the current range from 3 x tO-4 to 3 x 1O-2 A, which is consistent with that in the diodes case. For the device with a 1 x l-019 .rn-3 doped base, the n values are 1.2 and are j-ndependent of temperature in the current range from L x 1O-3 to 5 x 1O-2 A as shown in Fig. (b) . These near unity ideality factors show that the recombinati-on current in the emitter-base junction is negligibly small for a high current 
Conclusion
Luminescence characteristics of heterojunction diodes and current gain in HBTs with heavily doped bases were analysed. Generation-recombinati_on current in the depletion layer of the HBT emitter-base junction was negligibly small and the ideality factor was near unity. The current gain red.uction mechanism in the HBT was explained in terms of a nonradiative recombination process in the base. Practical high current gain 1 ) B0) was demonstrated with lq -?
base doping up to 2 x 1O*-cm over a wide temperature range.
